investigation of the pressure effect at 200°C [1] . For this investigation, the pressures of 15.54, 70 1 and 160 bar were employed. Distilled water was used as the reaction media. The ratio of dry 2 feedstock over water was 1:5 by weight. 3
After WT, the wet solid products were dried at 105°C for 48h and then stored in a desiccator for 4 further analyses. The proximate and ultimate analyses of the samples used for this work are 5 presented in Table 1 . The proximate analyses were performed according to ASTM standards: 6 ASTM D4442-07, ASTM E872 and ASTM D1102 for moisture content, volatile matter and ash 7 content, respectively. The ultimate analyses were determined (on a dry basis) by means of an 8 -EA 1108 CHNS-O‖ elemental analyzer (Carlo Erba Instruments). The higher heating values 9 (HHVs) were calculated on dry and ash free basis, according to Channiwala and Parikh. [46] . 10
Thermogravimetric analysis method and procedure 11
A thermogravimetric analyzer (Mettler Toledo TGA/SDTA851e) was employed for this study. 12
The biomass solid fuels were first ground using an IKA MF 10 cutting mill. Then the particles 13 passing through a 125 μm sieve (Fritsch Analysette 3 Pro) were collected for the kinetic study to 14 ensure the experiments to be in the chemical reaction kinetic regime [47, 48] . For each TGA run, 15 an amount of about 0.5 mg sample was spread in a 150 µl alumina pan located inside the TGA 16 reactor. It is worth noting that the buoyancy effect plays a significant role for such a small sample 17 weight. Therefore, it is mandatory to run a blank TGA (mass loss versus temperature) curve first. 18
The weight change of the blank experiment was subtracted from the experimental curves 19 automatically. The experiment started from room temperature, the fuel sample was heated to 20 105°C and held at this temperature for 1h for drying. Thereafter, the sample was heated to 700°C 21 at a constant heating rate of 10 °C/min. A synthetic air flow rate of 80 ml/min was applied for all 22 experiments. Moreover, three repetitions were run for each fuel sample, and the average kinetic 1 values are reported. 2
Kinetic model selection 3
Branca and Di Blasi [49] proposed and examined two different models to describe the 4 combustion of biomass fuel. They are series-and parallel-reaction models, of which each model 5 consists of four reactions (3 reactions for the devolatilization of the three main components of 6 lignocellulosic biomass, and 1 reaction for the char burn-off). It was concluded that both models 7 gave similar results for the estimated kinetic parameters. However, the parallel-reaction 8 mechanism, or the pseudo-component model, is favorable and widely used [42, 50, 51] because it 9 can describe the possible overlapped reactions of the lumped components in biomass. According 10 to this model, the biomass sample is regarded as a sum of four pseudo-components, and the 11 activation energies were assumed to be constant during the reactions to simplify the simulation 12 process. 13
For the present study, the parallel-reaction model proposed by Branca and/or gases released from the thermal degradation of the respective pseudo-component. The 17 three first reactions (Eq. 1-3) are associated with the devolatilization of the three main 1 components of biomass including hemicellulose, cellulose and lignin, respectively. The rates of 2 these reactions can be presented by the general power law (n-order) expression, although n =1 is 3 usually used [42, 49, 51, 52]. The last reaction (Eq. 4) represents the char combustion, for which 4 the rate law is generally related the partial pressure of oxygen through an empirical exponent and 5 the char porosity. Due to a relatively small amount of the sample tested in an air flow, it is 6 reasonable to assume that the oxygen mass fraction remains constant during the reaction process. 7
Consequently, the general power law (n-order) expression can also be applied to represent the 8 char combustion. Overall, the conversion rate of these four reactions can be described by the 9 following Arrhenius expression: 10
where A is the pre-exponential factor, E is the activation energy of the reaction, R is the universal 11 gas constant, T is the absolute temperature, n is the reaction order, and i is for the i th pseudo-12 component. The conversion degree (α) is defined as the mass fraction of decomposed solid or 13 
Numerical method 1
Data collected from the TGA experiments was differentiated to obtain the DTG data, and 2 presented in the form of conversion (mass loss) rate ( ) versus temperature T. A mathematical 3 model corresponding to the selected model was then employed for simulation and comparison 4 with the experimental DTG data. The optimization of the predicted DTG curves was based on the 5 non-linear least squares method, which minimized the sum of the square differences between the 6 experimental and calculated data. The objective function is given in Eq. 8: 7 (8)   where and represent the experimental and calculated conversion rates, 8 respectively; and N is the number of experimental points. 9
In order to validate the optimization or the curve fitting process in other words, the fit quality 10 between actual and modelled data is calculated according to Eq. 9 [49, 53] : 11
The actual simulation was run until the maximum fit value was found, at which the convergence 12 criteria of the optimization process are achieved. The extracted kinetic parameters are: the 13 activation energies (E 1 -E 4 ), the pre-exponential factors (A 1 -A 4 ), the mass fractions (c 1 -c 4 ), 14 and the reaction orders (n 1 -n 4 ) for each pseudo-component. Totally, there are 12 kinetic 1 parameters for the 1 st order model and 16 parameters for the n th order model. conversion rate data for the tested samples was 1.38×10
-5 s -1 . For both types of feedstock, the 7 decomposition starts at around 180°C with a low conversion rate. Then the decomposition rate 8 increases rapidly from around 250°C to the devolatilization peaks (≈2.3×10
-3 s -1 ) at 321-324°C, 9 from which the rate decreases quickly, down to 0.30×10 -3 s -1 for the spruce wood and 0.25×10 -3 s -10 1 for the birch wood at around 350°C. This marks the end of the devolatilization and the 11 beginning of the char combustion, which has much lower rates than the devolatilization. In 12 addition, a clear shoulder in the devolatilization stage is observed for the raw birch wood, but not 13 for the raw spruce. This is because the hemicelluloses content of birch (hardwood) is normally 14 higher than that of spruce (softwood) [54] . Also, hemicellulose of hardwood usually contains 15 more xylan than softwood, which is the most reactive compound in the temperature range of the 16 devolatilization (200-350°C) [54] . 17
In the char combustion stage, the birch wood char exhibits lower reactivity than that of spruce 18 wood char. The char combustion rate peak is only 0.38×10 comparison. Figure 2A is for the spruce wood and Figure 2B for the birch wood. As can be seen, 6 the torrefied woods start decomposing at temperatures around 150°C, somehow lower than those 7 for the raw woods (around 180°C). However, the conversion rates in this early stage are very 8 low, approximately being less than 0.2×10 -3 s -1 in all cases. A slightly higher reactivity of the 9 torrefied woods than their origins in the early decomposition stage may be due to the higher 10 reactivity of a small amount of remaining organic compounds, with low molecular weights, 11 produced from the degradation of hemicellulose during the WT processes [55, 56] . Most of these 12 organic compounds were washed out and collected in the water-soluble product portion, but some 13 of them may have been trapped in the pores and/or adsorbed on the surface of the torrefied 14 biomass. At temperatures from 250°C up to 310°C, the torrefied woods become less reactive than 15 their origins. This is probably due to the degradation of hemicellulose in the raw woods as 16 discussed earlier in section 3.1, considering that torrefied woods contain less or no hemicellulose 17 compared to their origins. At temperatures above 310°C, the devolatilization peaks, mainly 18 contributed by cellulose decomposition [57, 58] , are established. The peaks for the woods 19 torrefied at 175°C and 200°C are higher than those for the raw woods, but occur at the same 20 location (around 321-324°C). In addition, the peaks for the woods torrefied at 200°C are higher 21 than those for the woods torrefied at 175°C. However, the peaks for the woods torrefied at 225°C 22 are the lowest and the peak locations slightly shifted to the left, at around 317°C. 23
At temperatures above 350°C, where the char formed from the devolatilization stage starts 1 combusting, the situation is reversed. The char combustion stage of the torrefied woods starts at 2 temperatures somehow lower than the raw woods, with the combustion peaks clearly shift to the 3 right. The woods torrefied at 225°C (the highest one among the temperatures employed for the 4 WT) exhibit the highest reactivity with the highest combustion rate peaks (0.50×10 -3 s -1 ) and the 5 longest DTG tails (last until 550°C) compared with the others. This is probably due to the highest 6 fixed carbon content of the woods torrefied at 225°C (Table 1) . However, the combustion peaks 7 of the woods torrefied at 175°C and 200°C are lower than that of the raw woods. Nevertheless, 8 the combustion stages of the woods torrefied at 175°C and 200°C last longer than those of the 9 raw woods. This inconsistent trend, together with the inconsistence observed for the 10 devolatilization peaks, makes it hard to identify a general trend for the effect of WT temperature 11 on the reactivity of wood in air combustion, and therefore no firm conclusion on this can be 12 drawn at this stage. Nevertheless, it is suspected that severer WT conditions would cause higher 13 devolatilization peaks. However, when the WT severity factor is too high, such as at WT 14 temperatures of 225°C, cellulose starts to decompose (about 10% at 225°C for 30 min [2, 56]). 15
Consequently, the devolatilization peak heights of the DTG curves for the woods torrefied in 16 these conditions are lower than the others, even those of their origins. 17 holding time make the woods less reactive at TGA temperatures below 300°C and more reactive 22 during the char combustion stage. Again, similar explanations based on the role of the 23 hemicellulose and fixed carbon content of the tested samples can be applied for these observed 1 trends. In addition, inconsistencies in the devolatilization peak heights, which are similar to those 2 for the effect of torrefaction temperature, were also observed. but somewhat more reactive in the char combustion stage, considering the peaks height. 10 However, the peaks locations were almost at the same temperatures. 11
The effect of torrefaction time 18

Kinetic analysis 12
A kinetic analysis employing the 4-pseudo-component model with different reaction orders (n = 13 1 and n ≠ 1) was performed for a quantitative evaluation of the effects of WT on the combustion 14 reactivity of wood. Because the effect of pressure during WT on the reactivity of wood in air 15 combustion is not significant, only the wood samples torrefied at a constant pressure of 70 bar (at 16 different temperatures and with different holding times) were selected for the kinetic analysis. 17
The selection of this pressure was based on the recommendation discussed in our previous study 18
[1]. In total, 12 experimental data sets were analyzed kinetically, of which 6 were for the spruce 19 wood and 6 for the birch wood. The kinetic data extracted from this analysis are presented in 20 Table 2 and Table 3 for the spruce and birch, respectively. The quality of the fit between the 21 experimental and predicted data is also included in the tables. In addition, for a graphical 22 demonstration of the fit quality, curves fittings for the raw woods and the woods torrefied at 23 200°C for 30 min (at 70 bar) are presented in Figure 5 and Figure 6 , respectively. In these 1 figures, the actual conversion rates from the experiments are presented by the black dotted 2 curves. The red solid curves denote the predicted rates. The other four curves are presenting the 3 conversion rates of the three main components of wood (hemicellulose, cellulose, and lignin) and 4 the char formed from the devolatilization step. The figures show good fits between the 5 experimental and modelled results. The fit quality numerically presented in Table 2 and Table 3  6 is within 98-99% in all cases. 7 Table 2 and Table 3 show that the modelling with different reaction orders generated quite 8 similar kinetic data. The data of the activation energy and pre-exponential factor are comparable 9 with those reported in the literature [45, 49, 53, 59, 60] . In addition, most of the calculated n 10 values are close to 1. However, the n th order model still exhibits somehow better fit and gives 11 more information about the reaction order. Therefore, the kinetic data obtained from the n th order 12 model are chosen for further assessments hereafter. 13
It can be seen that, while there is no clear trend for the effect of WT on the pre-exponential 14 factor, the activation energy of hemicellulose is reduced dramatically by WT, e.g. In contrast to hemicellulose, the activation energy of cellulose is increased by WT. This is 6 presumably due to the increased crystallinity of cellulose caused by hydrothermal treatment [62-7 64]. It is because that during thermal degradation, crystalline cellulose was reported to have much 8 higher activation energy than non-crystalline cellulose due to the increased cross linking [65] . 9
Similar to hemicellulose, the activation energy of char combustion is decreased by WT (from 10 183.09 kJ/mol for the raw spruce to 109.38 kJ/mol for spruce torrefied at 225°C and 30 min; 11 from 222.00 kJ/mol for raw birch to 132.26 kJ/mol for birch torrefied at 225°C for 30 min). This 12 is presumably due to the changes in ash content of the woods after WT since it was reported in 13 the literatures [66] [67] [68] [69] that the ash content and ash composition of char from biomass would both 14 enhance or inhibit the char reactivity. It is because both mass transfer limitations and catalytic 15 effects of the ash. 16
The mass fraction of hemicellulose is reduced by WT. In addition, the reduction is decreased 17 gradually with increasing WT severity, from 0.15 for the raw spruce to 0.05 for the spruce 18 temperatures or longer holding times), the hemicellulose mass fraction of the torrefied fuel is 21 small, less than 10% of the total mass. With the reduction of hemicellulose fraction, the mass 22 fraction of the other component fractions in the torrefied biomass fuels (cellulose, lignin, and 1 char) are relatively increased compared with the raw materials, as presented in Table 2 and Table  2 3. 3
The mass fraction of cellulose in the torrefied fuels from both feedstocks increased to a maximum 4 value, 0.47 and 0.56 for spruce and birch torrefied at 200°C and 30 min, and then decreased with 5 either increasing temperature or holding time. The contribution of cellulose fractions is in good 6 agreement with the heights of the devolatilization peaks shown in Figure 2 and Figure 3 . The 7 higher cellulose fraction, the higher devolatilization peak is observed. This helps confirm the 8 suspicion and explain the inconsistent trend in the effects of WT temperature or holding time on 9 the devolatilization peaks height as observed and discussed earlier in this paper. 10
The mass fraction of lignin varies in a narrow range (0.17-0.23 for torrefied spruce and 0.15-0.25 11 for torrefied birch) because the hydrothermal media within the WT conditions has little effects on 12 the overall degradation of lignin [22] . On the other hand, the mass fraction of char is increased 13 gradually (from 0.20 and 0.14 for raw spruce and birch to 0.40 and 0.34 for spruce and birch 14 torrefied at 225°C and 30 min, respectively) with torrefaction temperature and holding time. 15
Conclusions 16
The effects of WT on the reactivity and kinetics of woods under air combustion conditions were 17 investigated using thermogravimetric method and kinetic modelling. Two types of woody 18 biomass, Norway spruce and birch woods were used as feedstock. The following conclusions can 19 be drawn from this study: 20 -WT pressure had insignificant effects on the combustion reactivity of the woods. 21 -WT temperature and holding time had similar effects on the combustion reactivity of the 1 woods. Increasing either temperature or holding time make the woods more reactive in 2 the devolatilization stage, but less reactive in the char combustion stage. However, too 3 severe WT conditions (from 225°C and 30 min) made the trends reversed due to the 4 decomposition of cellulose in the devolatilization stage and the competition between 5 catalyzing and inhibiting effects of char ash on the char combustion stage. 6
In addition, the kinetic analysis using the four-pseudo-component model with n ≠ 1 showed that 7 the activation energy of hemicellulose and char was reduced, but that of cellulose was increased 8 by WT. The activation energy of hemicellulose was reduced from 103.8 to 44.8 kJ/mol for the 9 spruce wood, and from 144. [17] . grass, wheat straw and willow to enhance solid fuel qualities and combustion properties," 
